Riboflavin and the adenosine derivative 5'-bromo-5'-deoxyadenosine form a crystalline 1:1 intermolecular complex, the structure of which has been solved by x-ray diffraction analysis. The adenine ring is found to be joined by two hydrogen bonds to the uracillike end of the riboflavin isoalloxazine ring. In addition, the riboflavin and the adenosine molecules associate through the formation of stacks of alternating parallel adenine and isoalloxazine rings. These intermolecular associations are considered to be models for intramolecular association in the coenzyme flavin adenine dinucleotide (FAD), which contains both adenosine and riboflavin.
The specificity of hydrogen bonding is frequently reflected in biological function. This has been especially true in the nucleic acids. Monomeric derivatives of uracil and adenine have a selective affinity for each other than can be seen directly in infrared studies (1) . Thus, uracil derivatives have a higher association constant for adenine derivatives than for derivatives of guanine or cytosine (2) . Furthermore, uracil and adenine derivatives cocrystallize as hydrogen-bonded base pairs (3) . The coenzyme flavin adenine dinucleotide (FAD) contains both adenine and riboflavin. It is of interest that one end of the unsaturated isoalloxazine group of riboflavin contains the pyrimidine ring of uracil. It has been shown that riboflavin derivatives and adenine derivatives associate specifically in solution (4) and that adenine and riboflavin themselves cocrystallize (5) . In the present report, we show that riboflavin and an adenosine derivative form a crystalline 1:1 intermolecular complex. The structure has been solved by x-ray diffraction methods. The adenine ring is found to be joined by two hydrogen bonds from the amino group and the imidazole nitrogen to the uracil-like end of the isoalloxazine ring. The coenzyme FAD contains adenosine and riboflavin joined by pyrophosphate. A model of the FAD molecule can fold to form this bonding configuration. It may thus represent a biologically significant configuration for the coenzyme when it participates in oxidation-reduction reactions.
MATERIALS AND METHODS
Equimolar amounts of riboflavin (Sigma Chemical Co.) and 5'-bromo-5'-deoxyadenosine (Cyclo Chemical Co.) were dissolved in 0.1 M aqueous NaOH. The solution was evaporated to dryness to yield small, plate-like rectangular orange-brown crystals. The ultraviolet spectrum of the dissolved crystals showed that they contained a 1:1 ratio of riboflavin and 5'-bromo-5'-deoxyadenosine. Weissenberg and oscillation x-ray diffraction photographs of the crystals revealed the presence of three mutually perpendicular mirror planes, which implied that the crystal symmetry was orthorhombic. Systematic absences of reflections showed that the space group was P212121. Intensities of the reflections were measured using the 20 scan technique, at a scan rate of 1°/min, with the background intensities measured before and after each measurement. Cu Ka x-rays were used with a pyrolytic graphite monochrometer. A total of 1800 unique reflectionst with measurable intensities were recorded to the limit 20 = 100°.
STRUCTURE DETERMINATION
Lorentz-polarization corrections were applied to the measured intensities. No absorption corrections were considered necessary in view of the small size of the crystal. The statistical distribution of the normalized structure factors indicated that the unit cell is acentric, in agreement with the space group of the unit cell. The bromine atom was unambiguously located by Harker analysis of the sharpened Patterson map. The error residual after location of the bromine atom was R = 0.59. Inspection of the Fourier map made with phases based solely on the position of the bromine atom did not reveal any recognizable fragment of the structure. It was therefore decided to refine these phases by use of the tangent formula (6 (8) . Three iterations of the process revealed the positions of 46 peaks, only one of which was subsequently found to be false. The error residual had then decreased to 0.35.
A full matrix least squares isotropic temperature refinement of 1800 reflections was performed using the Hughes weighting scheme (9) and atomic scattering factors taken from the International Tables of Crystallography (10) . This converged to yield an error residual of 0.22. During this refinement process, all the atoms in the riboflavin and the 5'-bromo-5'-deoxyadenosine components of the structure were located. In addition, three independent peaks were found that were assumed to be the oxygen atoms of water molecules.
One of these water positions, W3, was only partially occupied. Anisotropic temperature refinement of the structure was performed in two sections because of limitations in the computer memory storage. It converged to give an unexpectedly large error residual of 0.20. An examination of the distribution of the error residual with respect to structure factor amplitude, sin 0, and various symmetry classes of reflections revealed no anomalies except that the error residual was unusually high for those reflections with the lowest intensities. This may be due to the small size of the crystal or to the disorder attendant upon dehydration and partial occupancy of water sites. In view of the unreliability of the weaker reflections, the 646 reflections with I Fo | <30 were deleted from further refinements, leaving a final total of 1152 reflections whose measured, intensities were considered reliable. Subsequent anisotropic Proc. Nat. Acad. Sci. USA 68 (197"l) Fig. 1 . The adenine and isoalloxazine rings also associate to form an infinite stack of alternating parallel adenine and isoalloxazine rings that is parallel to the a axis. The interplanar spacing (Fig. 3) between the mean molecular planes of the isoalloxazine ring and the upper adenine ring is 3.54 A; it is 3.45 A for the lower adenine ring. The packing of the molecules in the crystal unit cell is illustrated in the stereot drawing of Fig. 4 (12) . It can be seen that the ribosyl groups and the ribityl groups are segregated from each other on either side of the stacked aromatic rings. The water molecules associate primarily with the ribityl groups. The crystal structure is stabilized by an extensive network of intermolecular hydrogen bonds that involve all of the hydrogen atoms capable of participating in hydrogen riboflavin 05' atom that is 2.91 i away. All the hydroxyl oxygen atoms on the ribosyl and ribotyl groups are within hydrogen bonding distance (2.6-2.9 A) of other hydroxyl groups or water oxygen atoms. There are no abnormally short nonbonded contacts in the crystal structure.
DISCUSSION
Both adenosine and riboflavin are components of FAD. We would like to know to what extent the structural information in the intermolecular complex is relevant to the structure of FAD when it is active in electron transport. The structure has two unique features, a complementary hydrogen bonding between the two unsaturated rings and a stacking system in which the planar rings lie over each other. The adenosine structure by itself is similar to those published structures that contain adenine or the ribose ring (3). Likewise, the isoalloxazine part of riboflavin is similar to the structure of the isoalloxazine derivatives that have been studied (13, 14) .
The hydrogen-bonded complex between the unsaturated rings is similar to the reversed imidazole structure found in crystalline complexes of adenine derivatives with either uracil derivatives or the barbiturates (3). In the crystalline complex, riboflavin atom 02 acts as a hydrogen-bond acceptor, in agreement with the conclusion of the infrared study (4) . The interplanar distances between the stacked isoalloxazine and adenine rings are within the range normally found for stacked aromatic rings. There is, thus, no evidence to support the existence of a postulated charge-transfer interaction (15) .
Many studies have been performed on the conformation of FAD. In an aqueous solution, the adenine and isoalloxazine rings are stacked. The models that have been postulated for the stacking (16, 17) differ somewhat from that observed in the present complex (Fig. 3 ), but they all have in common the fact that the long axes of both the adenine and isoalloxine rings are approximately parallel. FAD differs from the two components in the crystal structure in that the two sugar residues are linked by a pyrophosphate group. Without this constraining linkage, it is not surprising that the sugars on the two hydrogen-bonded rings have a configuration in which they are pointing somewhat away from each other. However, the evidence for the specific hydrogen bonding between the two unsaturated ring components of FAD, both in solution and in the solid state, make us ask whether the complete molecule could assume this configuration. Accordingly, using space-filling models, we have found that we could build an intramolecularly hydrogen-bonded form of FAD, a form which the molecule might assume if it were next to a hydrophobic portion of a protein molecule. In another publication (18) , we discuss this in more detail and outline alternative modes for the action of FAD during electron transport. The molecule can, we believe, assume different configurations,-either stacked or hydrogen-bonded, depending upon its immediate environment. In the intramolecularly associated form of the molecule, either hydrogen-bonded or stacked, the flavin would be in the oxidized state as in the crystal structure. It is possible that reduction of the flavin would destabilize the internal complex so that the reduced form of the molecule has a different conformation. This postulated change in conformation may be intimately associated with the physical transport of electrons (18) .
